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Abstract-This paper discusses an adaptive grid approach, developed using Fortran 77, on quadri- 
lateral meshes for the Euler and Navier-Stokes solvers. Solution adaptation is through two nonlin- 
ear heat-conduction analogies applied directly on a two-dimensional surface using the finite volume 
method. Clustering of the grid generated is controlled by the conductivity in the computational 
domain, which is related arbitrarily to the geometrical curvature and flow gradient. Three levels of 
“multigrid” approach are implemented to accelerate convergence ss a grid refinement process. The 
grid quality is accessed by a histogram analysis of maximum angle and aspect ratio distributions 
within the computational domain. This work assumes that interpolation errors due to numerical 
approximation of fluxes across the surfaces of a control volume should become significant as the skew 
angle and aspect ratio increases. Detailed computational results and comparisons with measured data 
are presented for steady transonic flow over a NACA0012 airfoil, supersonic flow through a DFVLR 
rotor, and a 15” ramp. @ 2001 Elsevier Science Ltd. All rights reserved. 
1. INTRODUCTION 
In computational fluid dynamics (CFD) simulations, the fundamental importance of spacing be- 
tween discrete points leads to several techniques that allow grids of variable mesh size and node 
clustering to be generated. Adaptive structured/unstructured grid generation has become popu- 
lar and proved successful in simulating complex flows due to their flexibility in meshing, and ease 
of implementation of solution adaptive schemes [l]. Adaptive meshing is a promising technique 
for resolving conflict between accuracy and efficiency within CFD simulations. The adaptation 
method can be crudely classified into ‘moving mesh’ [2] and local ‘refinement (embedded or over- 
laid)’ [3]. It simplifies the solution to problems that refine only in small, localized regions of 
the domain, where the mesh is changed or adapted accurately to resolve fine structures as the 
solution develops. The result is a nonuniform distribution of grid points that provided the desired 
level of accuracy at much lower cost than a uniform fine grid (i.e., less memory and CPU time 
than when globally refined grid is used). 
The most used solution adaptive methods are based on triangular or tetrahedral meshes with 
grid embedding and coarsening. This method offers the most flexibility in mesh generation, but 
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flow solvers based on such grids usually require more CPU time and storage since more triangles 
or tetrahedrons are needed to cover a domain than quadrilateral or hexahedrons. Furthermore, 
for high-speed flows with thin boundary layers, a quadrilateral grid nearly aligned with the flow 
features gives a good choice for efficient flow resolution. In this paper, the concept of isotherms 
from a heat-conduction analogy is used in the development of the algorithms of grid generation [4]. 
By using conductivity as the adaptation criteria, this method allows grids with both variable mesh 
sizes and clustering of nodes to be generated with ease. The principal approach is to compute 
the analogy temperature distributions on the surface and find isotherms. First, a structured 
quadrilateral mesh representing the boundary is generated as the initial mesh. By relating flow 
gradient and geometric gradient to the conductivity in the computational domain and solving 
the heat-conduction equation, the temperature field is determined over the mesh. Then the 
coordinates of the isotherms are interpolated from the temperature field. This sequence of solving 
for the temperature field and interpolating for the locations of the isotherms is repeated to obtain 
a second set of isotherms that is approximately orthogonal to the former. By comparing the pair 
of temperature distributions and finding the intersections of the isotherms, a grid on the flat 
surface is generated. It is evident that the isotherms will congregate in regions of high flow 
gradient. To speed up the grid generation process, three levels of ‘multigrid’ solution [5] for the 
temperature field have been implemented. With this simple idea, an approximate solution field 
on a coarse grid is used as an initial guess for the solution on the next finer mesh. 
The quality of the adapted meshes for three test cases are evaluated based on a histogram 
analysis of aspect ratio and maximum angle for elements within the computational domain. The 
objective is to ascertain the distribution of elements with large skew angles and aspect rations as 
these facts allow us to assess the accuracy of interpolation errors. In the following sections, the 
basic numerical scheme and predicted results for isolated airfoils and 2D cascades are presented. 
2. ADAPTIVE GRID GENERATION 
VIA HEAT-CONDUCTION ANALOGY 
To introduce the heat-conduction analogy, consider a flat plate of any arbitrary shape with 
uniform thickness, that is insulated on two opposite sides so no heat escapes. Hot and cold sides 
are assigned on the other opposite sides. Thus, the edges of the plate are either fixed at constant 
temperature or adiabatic. 
Under these conditions, the analogy temperature distribution satisfies the steady-state, two- 
dimensional heat diffusion equation without heat generation: 
where x and y are coordinates on the plane, and l? is the thermal conductivity. 
With reference to Figure 1, one family of isotherms can be found if equation (1) is solved with 
adiabatic boundary conditions at two edges, for example WX and YZ, with fixed temperatures 
at remaining sides, namely XY and WZ. In the developed algorithm, the temperature increment 
between isotherm is set to unity. The temperature along XY is set to unity while the temperature 
along WZ is set to any arbitrary higher temperature. To find the second set of isotherms, 
equation (1) is solved with another set of boundary conditions; in that boundary, XY and WZ 
are now adiabatic, while WX and YZ are the constant temperature boundaries. The finite volume 
method is applied to equation (1) to seek its solution in any arbitrary rectangular computational 
domain as in Figure 1 with the following assumed boundary conditions: 
l on WX and YZ, $$- = 0 (adiabatic, Neumann boundary condition), 
l on XY and WZ, T = 1 and 20, respectively (Dirichlet boundary condition), 
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Figure 1. Computational domain bounded by WXYZ on a Cartesian grid. 
Equation (1) in finite volume (equation (2)) is solved directly on a Cartesian grid superimposed 
on the computational domain using a standard SOR iterative scheme [6]. The ability of the finite 
volume method to handle distorted grid while retaining advantage of an easily computed exact 
solution is well documented [7]. 
After the analogy temperature field has been determined, Lagrangian interpolation [8] is ap- 
plied to obtain the locations of isotherms with unity increment. To achieve an equidistribution 
principle, a ‘moving mesh or global refinement’ technique is used with the mesh held fixed for a 
given number of iterations (time independent) before it is modified [2]. 
3. ADAPTATION CRITERIA 
Adaptive meshing is a promising approach of resolving the conflict between the accuracy and 
efficiency of CFD problems. The idea is to have the grid points move as the physical solution 
develops, concentrating them in regions of large flow and geometric variation. The local analogy 
conductivity is used to control the distribution of grid points. 
The shapes of the isotherms, namely grid lines, are affected by the geometry of the curved 
surface as well as the thermal conductivity distribution. Two adjacent. isotherms come nearer as 
the thermal conductivity in the area is locally reduced. Thus, a clustering effect is realized by 
setting a small value of thermal conductivity where small grid spacing is required and vice versa. 
3.1. Flow Field Adaptation 
The aim of flow field adaptation is to redistribute mesh points as the physical solution develops, 
concentrating in regions of large flow variation in the evolving physical solution, by sensing the 
flow gradients. For pure adaptation to flow gradient, the following relationship is employed: 
Jxrl) = l 
1 + cqae7 71) ’ 
where 
w - (~),, 
q(5Tq) = ($gmax - (e)_, 
(3) 
(4 
E and q are the computational coordinates, s is the ‘averaged’ spatial distance of < and 7 as 
defined in equation (5), C, (M 1.0) is the flow adaptation factor. 
The derivatives of the flow parameters are evaluated as (see Figure 1) 
(5) 
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By applying three-point symmetric approximation, equation (4) can be written as 
%(L rl) 1 
-=- 
qJ+l,K - 4J-13 + q&v+1 - QJ,K-1 as 2 2& 2877 1 ’ 
3.2. Boundary Geometrical Adaptation and 
Preservation of Initial Wall Boundary Shape 
When gridding is applied to shapes defined by large geometric gradients, such as turbine blades, 
sharp corners, and the leading edges of airfoils and wings, sufficient points must be placed in the 
appropriate regions of the initial grid to define the geometry accurately. As such the conductivity 
is modeled as a function of the boundary geometry by the expression 
rY<,77) = l- 
1+ Gf(E> 77) ’ 
where the dimensionless radius of curvature is calculated as follows: 
l/R(C, rl) - (l/R)min 
fcr7 l)= ( (l,lqmax - (l/R)min > * 
Note that R(t,q) is th e instantaneous radius at position (<, 77). The constant C, = 1 - 4A,, 
where A, is the aspect ratio at the maximum radius of curvature, is maintained at this value for 
a minimum of four steps, from the upper and lower wall boundaries when it is being adapted [9]. 
The value of C, also has the effect of distributing grid points along the wall boundary. 
3.3. Combined Adaptation 
For the grid to adapt to both geometric and flow gradient, a full adaptation criterion can be 
established as follows: 4 
To maintain the integrity of the grid and accuracy of the flow solution at the wall boundary, both 
C, and C, are to be maintained its value at the boundary for a minimum of four grids from the 
boundary [lo]. 
4. “MULTIGRID” SOLUTION OF NONLINEAR 
HEAT-CONDUCTION EQUATION 
“Multigrid” (MG) is applied in the solution of the present nonlinear heat diffusion equations 
to serve as a convergence acceleration process because of its optimal efficiency as an iterative 
method. A three-level multigrid is adopted here. It is based on a simple idea that an approximate 
solution field on a coarse grid will serve as an initial guess for the solution on the next finer grid. 
This lead to faster convergence. First, solutions of flow variables from the Euler solver together 
with grid information are transferred to the adaptive grid generator. Then, the conductivity 
field is calculated based on the functions discussed in Section 3. The conductivity field and grid 
information are then transferred onto a coarse grid. The complete process is outlined in Figure 2. 
5. GRID ASSESSMENT METHODOLOGY 
An assessment of the quality of the meshes produced by the current grid generation methodology 
is essential. The maximum angle of an element plays an important role in bounding the local 
interpolation error. In particular, the larger the maximum angle, the weaker the bound on the 
interpolation error. The aspect ratio of an element has the same effect. With this in mind, the 
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1 Calculate conductivity field 
on finest grid . 
Z.Transfer conductivity field 
and grid to 2”d level multigrid. 
- and grid to 3” level multigrid 
I .Transfer temperature 
field onto 2” level 
multigrid. 
2.Proceed with solution on 
this multigrid level. 
Figure 2. Solution process of nonlinear heat equation with “multigrid” methodology. 
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Figure 3. Diagram showing the relative positions of the vertices with cell P. 
maximum (or minimum) angle and aspect ratio distributions in a mesh can serve as a useful 
indicator of mesh quality [7]. 
The mesh quality is assessed through a histogram of angle and aspect ratio distributions. A 
routine is written to search for the maximum angle and minimum aspect ratio within elements 
of the entire computational domain. For a cell P, as shown in Figure 3, the angles and aspect 
ratio /3 are calculated as follows: 
(10) 
(11) 
The remaining three angles within the cell P are calculated in accordance to equation (10). The 
process is repeated for the whole computational domain and the results are plotted in a histogram. 
6. RESULTS AND DISCUSSION 
The ‘isotherms’ analogy and its consistency on generating adaptive grid were first tested on 
some common smooth surface geometries such as rectangular; quadrant, half, and full circles; 
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Figure 4. Grid generated for full circle with constant conductivity fields on 31 x 31 
grids. 
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Figure 5. Grid generated for full circle with linear conductivity fields on 31 x 31 
grids. 
Figure 6. Geometric adaptation of half ellipse on 31 x 31 grids. 
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Figure 7. Original unadapted grid of half ellipse on 31 x 31 grids. 
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(a) First set of boundary as indicated. 
, cold boundary 
-50 0 50 
(b) Second set of boundary ss indicated. 
Figure 8. Isotherms plots of full ellipse with constant conductivity field. 
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(a) Mach contours on original unadapted grid. 
(b) Mach contours on adapted grid. 
(c) Adapted mesh (after four levels of adaptation); points = 4346, cells = 8569, edges 
12914; adapted from [12]. 
Figure 9 
and ellipse domains with an arbitrary conduct,ivity assignment. Figures 4 and 5 show-the grid 
generated on full circles and constant linear conductivity fields on 31 x 31 grids, respectively. The 
positions of isotherms are expected results of the heat conduction equations. On a half ellipse 
case, Figures 6 (adapted) and 7 (original) illustrate the adaptation effect due to the higher values 
of curvature radius near the regions of the two end points along the major axis (i.e., grid clusters 
at the wall boundary where curving is more pronounced). A more noticeable effect is observed 
with larger C, value. Figure 8 is the isotherm plot on full ellipse with constant conductivity fieId 
using the second and first set of boundary conditions as indicated. For any convex domain, the 
location of the isotherms in the circumferential direction has an automatic adaptation effect even 
for the case of a constant conductivity field. This is due to the surface area increasing outwards 
from the wall boundary. As the heat flux is constant in the radial direction, it gives easier heat 
conduction, and hence, isotherms are located nearer to the wall boundary as compared to the far 
field (i.e., if the spacing decreases in the near-wall, g increases, resulting in increase of the heat 
flux). More sample cases of the on smooth surface geometries can be found in [ll]. The developed 
numerical scheme was then used to simulate flows around cascades and airfoils. Comparisons of 
predicted results with well-documented data follow. 
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(a) Nondimensionalized static isobar contour plot from which pressure gradient is 
calculated and arbitrary related to conductivity; inlet Mach Number = 2.0, wedge 
angle = 15’. 
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(b) Pressure contours obtained from adapted mesh in Figure 9c; scheme: high res- 
olution peculiar velocity upwind method (PVU) finite volume method; inlet Mach 
Number = 2.0, wedge angle = 15’; adapted from [12]. 
Figure 10. 
6.1. Solution Adaptation on 15” Ramp 
The Mach fields generated from the second order in space Euler solver on original unadapted 
grid are shown in Figure 9a. The triple-point shock, together with the expansion wave interaction, 
has been captured. Significant improvements on the resolution of the shock region have been 
observed when the solution is solved from the adapted grid. The adaptation criteria is based on 
the solution of the pressure field only, see Figure 10a. 
Comparing Figures 9b and 9c together with its corresponding Mach solution field, it can be 
observed that the resolution of the shock regions in both solutions are desirable and of comparable 
magnitude. However, in the present adaptation method, much fewer grid points (37 x 97 = 
3598) are required to arrive at the desirable result as compared to the peculiar velocity based 
upwind (PVU) method [12]. The same conclusion can be drawn for the static isobar contour 
plots as shown in Figures 10a and lob. 
It can be observed that the maximum angle distribution centered on loo’, in Figure lla, im- 
plying almost orthogonal mesh in the adapted computational domain. One can see that these 
elements constitute almost 60% of the entire mesh elements. Furthermore, highly skewed ele- 
ments are represented by a spike in the maximum angle distribution, which occurs between 150° 
and 170’. The frequency distributions do not seem favorable as compared to the original grid 
with more than 90% of the elements falling in the region of 90’ and 100’. Since the mesh is 
quadrilateral, angle distribution alone does not justify the mesh is of sufficient integrity. Thus, 
an assessment of the aspect ratio distribution has been made, see Figure llb. 
In terms of mesh quality assessment, the main issue to notice about the angle distribution is 
that there are very few elements with very large maximum angles. In particular, a very small 
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Histogram of Maximum Skew Angle Distribution for 
the 15 Degrees Ramp Test Case 
Frequency 
3000, 
110 130 150 160 170 more 
Maximum Skew Angle in Degrees 
H adapted grid IX! original grid 
(a) Frequency distribution of maximum angle with a control volume. 
Histogram of Aspect Ratio Distribution for the 
Frequency 
IS Degrees Ramp Test Case 
I 5 10 20 50 100 200 300 350 More 
Aspect Ratio 
q original grid=adapted grid 
(b) Frequency distribution of aspect ratio within a control volume. 
Figure 11. 
number of elements have maximum angles larger than 140’. While this mesh contains many 
stretched elements, some with aspect ratio exceeding 300, virtually all of these elements are of 
the nearly orthogonal variety. In fact, the few elements which deviates from the orthogonal variety 
tend to occur only near “singular” (shock) regions in the computational domain. Thus, one can 
conclude that the mesh is of sufficient quality such that the interpolation errors in approximating 
fluxes at the boundaries of a control volume could be reduced to a minimum. The Mach contours 
are sharper as compared to the solution calculated from the original grid. Thus, the result from 
the histogram could serve as an indicator as to whether the adaptive grid generator can produce 
desirable result. 
6.2. Results of Unidirectional Mesh Refinement Over NACA0012 Airfoil 
To further examine the potential of the grid generator, mesh adaptation has been applied to 
an O-grid (41 x 141) defining the NACA0012 with incoming Mach Number of 0.85, see Figure 12. 
Notice that the grids near the trailing edge are both highly skewed and compressed towards the 
blade surface boundary to capture boundary layer effect. The Mach contour plot from which 
adaptation criteria are defined using a Navier-Stokes solver is shown in Figure 12b. In this 
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(a) Close-up view of the NACA0012 to illustrate the highly skewed trailing edge. 
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(b) Mach contours plot over the NACA0012 at an angle of attack of 1.25O. 
Figure 12. 
section, besides performing grid refinement, the problem of high skewed angles near the trailing 
edge has also been resolved. 
From Figure 13a, it can be observed that the grid has captured a transonic shock on the 
upper surface of the airfoil. Al so, grid lines near the surface of the airfoil have the desired 
orthogonal characteristics. Moreover, grid lines near the trailing and leading edges of the airfoil 
are orthogonalized by the grid generation process. Notice that only a one-dimensional adaptation 
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(a) Close-up view of the adapted grid. 
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(b) Close-up view of nondimensional&d analogy conductivity field near the airfoil. 
Figure 13. 
is performed and grid spacing in the radial direction does not change. The adapted mesh based on 
the conductivity field is shown in Figure 13b. By comparing the adapted grid and isoconductivity 
plot, it is noticed that grid lines attract one another where conductivity values are low and spread 
out where conductivity values are high. Thus, mesh density is totally determined by the analogy 
conductivity field. 
The frequency distribution of maximum angle within a control volume for the case of purely 
flow (pressure) gradient adaptation, see Figure 14a, shows that almost 52% of the elements have 
maximum skew angle between the range of 120” to 140’. About 23% of elements have grids in the 
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(a) Frequency distribution of maximum angle within a control volume. 
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(b) Frequency distribution of aspect ratio within a control volume. 
Figure 14. 
range of 100’ to 110’. Thus, a certain level of orthogonality is preserved. By observing Figure 13a, 
the existence of large angles is mainly contributed by elements in the region of transonic shock 
and the trailing edge of the airfoil. The reason that the frequency distribution is as such is due to 
the fact that grid generation is performed on an O-grid that by nature has a high curvature. As 
compared to the original grid, the overall skewness of the elements is observed to increase. From 
Figure 14b, it is observed that the aspect ratio between the range of unity to 10 has a cumulative 
frequency value of 3668, implying 63% of the elements fall within this range. When compared to 
the frequency distribution of the original grid, the distribution pattern did not vary much. This 
is due to the effect of one-dimensional adaptation in the circumferential direction. 
6.3. DFVLR Compressor Rotor 
The grid from which the solution field of the DFVLR rotor is obtained [13] is shown in Fig- 
ure 15~. Figure 15b is a typical convergence history for the RMS residual on absolute velocity of 
the DFVLR rotor flow computation; it is observed that the convergence history has a decreasing 
oscillatory trend. The initial rate of convergence is very fast and the mean gradient of the plot 
approaches zero as the time step increases; however, the oscillation in the error suggest that the 
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(b) The convergence history for the flow simulation of DFVLR rotor. 
Figure 15. 
solution scheme is relatively unstable. This could be due to the constructed computational do- 
main being relatively coarse (85 x 25) and the fact that the Euler solution scheme is explicit [13]. 
From Figure 15a, it can be observed that the pressure gradient at the leading edge is relatively 
large, where a detached normal shock at the leading edge is predicted. The detached shock wave 
is observed at the blade channel entrance. The leading edge shock wave appears to be standing 
off the blade leading edge, indicating spilling of the flow. This feature is also predicted by the 
computed results. The shock wave decelerates from Mach 1.17 to 0.84 at the suction surface. The 
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(c) Grid of the DFVLR rotor (85 x 25) at 45% span. 
Figure 15. (cont.) 
(a) Experimental results at 45% span taken from [13]. 
Figure 16. 
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Figure 16. (cont.) 
match between measurement and analysis at the entrance region is in close agreement as shown 
in Figures 16a and 16b. Within the covered passage near the trailing edge, a sharper deceleration 
is observed for the computed result. This is mainly due to the original grid being rather coarse, 
giving rise to higher change of flow variables between grids. As the numerical solution is purely 
Euler, the apparent viscous effect on the blade surfaces is the result of the solution scheme and 
boundary conditions implemented such.that the normal velocity component is discarded without 
revising the shear velocity component. This detail gives rise to an unexpected velocity gradient 
nears the wall surface. 
From.Figure 18, it can be observed that the grid density is high at the leading and trailing 
edges of the blade. The high grid density at the leading edge is due to the effects of both pressure 
and geometric gradients. The adapted grid can be correlated to the analogy conductivity field 
plots in Figure 17b, in which low values of conductivity hampers heat conduction and hence 
isotherms (grids) in these regions are closely spaced. Comparing plots in Figure 18, adaptation 
at the trailing edge for Figure 18b is mainly due to geometry. When the above grid is compared 
to the original grid, Figure 18a, it is observed that the skewness has been amplified, especially 
at regions near the leading and trailing edges. 
With reference to Figure 19a, for the case of mesh adaptation to geometry and flow, almost 
80% of elements have angles within the range of 140’ to 170’. This high percentage is mainly 
due to the relatively high gradient of the axial grid lines (i.e., high stagger angle) in the original 
computational domain, see Figure 15~ or 18a. Elements with angles larger than 180°, signifying 
highly distorted elements, are mainly due to high distortion of the grids at the leading and trailing 
edges of the blade. With reference to Figure 19b, over 90% of the elements have aspect ratio 
between 2 and 3. Frequencies depicting high aspect ratios are mainly contributed by elements 
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(b) Nondimensional&d isoconductivity plot as a function of both geometric and 
pressure gradients for the test case of DFVLR rotor. 
Figure 17. 
in the regions of the leading edge. As can be seen, aspect ratios exceeding 100 are less than 1%. 
By inspecting the adapted grid in Figure 18, the paramount effect of low aspect ratio might off 
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(a) Zoom-in view of original grids. 
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(c) Zoom-in view of grid base on both flow and geometry adaptation. 
Figure 18. 
set the effect of adverse high skewness in the grid elements. Thus, the adapted grid could be of 
acceptable integrity to be submitted to a solver for a better-converged solution. 
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Figure 19. 
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In Figure 19a, the frequency plot of the mesh with only flow (pressure) gradient is observed 
to have a high distribution of maximum angles between 140” to MO”, as compared to the case 
of adaptation to both geometry and flow gradient. This is also the case when comparison is 
made with the original grid. With reference to Figure 19b, it is observed that all three frequency 
patterns follow almost the same distribution. 
To sum up briefly, the grey (Level 2) regions of Figure 17 indicating low values of conductivity 
promote heat conduction, and therefore, isotherms (grids) in these regions are closely spaced. 
Comparing both plots in Figure 17, effect of geometric adaptation is expected to be more pro- 
nounced since darker grey (Level 1) region is observed at the leading and trailing edges. This fact 
is confirmed by comparison of the degree adaptivity at the leading and trailing edges as shown 
in Figure 18. 
7. CONCLUSION 
The developed mesh adaptation methodology has shown potential in the application to CFD 
simulations. This deduction is based on the assessment of grid qualities using the histogram 
of aspect ratio and skew angle distributions within the computational domain. For the case of 
the DFVLR compressor rotor flow simulation, there is reasonable agreement with experimental 
results. The adapted grid density was optimized throughout the whole computational domain, 
refining regions with high flow gradient and geometrical changes. The analogy conductivity 
field can be modified and controlled with relative ease for a particular flow situation to achieve 
adaptivity in shock regions where grid density is low or high. However, it is found that the 
adapted grids at the wall boundaries are not orthogonal. They suffer from grid skewness and 
lack of flexibility in adjusting the total number of mesh points in each direction of the structured 
grid. 
The integrity of such a grid is confirmed by the test case of the 15O ramp flow when the grid 
generator is used dynamically with an Euler solver that accepts 2D no&iform grids. Shock 
regions are observed to become more refined. A relatively smooth transition of element size from 
region of low grid density to high grid density and vice versa is observed. The histogram analysis 
has shown that a high percentage of elements with maximum skew angle lie in the range of 90” 
and 110”. The aspect ratio distribution shows a high percentage of elements within r&tio of 
order 2. To demonstrate the applicability of the grid-generator to other grid system, an O-grid 
that describes the geometry of a NACA0012 airfoil together with its flow solution is submitted 
to the grid generator. The aspect ratio distribution is similar to that in the 15’ ramp flow. 
However, the maximum skew angle distribution shows a peak in the 120” range. In the latter 
two test cases, adapted grid lines are observed to be orthogonal to the boundary surfaces, an 
advantage due to the nature of heat conduction at an adiabatic boundary. 
Further work includes: 
(a) modify the grid generator to confine heat conduction in only the direction of change in 
temperature gradient as prescribed by the Dirichlet boundary condition so as to speed up 
the grid generation process; 
(b) resolve the problem of nonorthogonality of grid lines at the wall boundaries for the DFVLR 
rotor; and 
(c) experiment with new conductivity fields to capture boundary effect. 
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